Introduction {#Sec3}
============

Despite advances in critical care medicine sepsis and septic shock continue to be associated with high mortality rates, ranging between 30% and 60% \[[@CR1], [@CR2], [@CR3]\], and sepsis is the major cause of death in critical care units worldwide. Uncontrolled generation of a plethora of proinflammatory and potentially autotoxic mediators has been noted both in experimental models of sepsis and in clinical settings \[[@CR4], [@CR5], [@CR6]\]. The fact that such a systemic inflammatory reaction may not only be triggered by microbial invasion but is also encountered in response to various kinds of tissue injury is reflected in the term \"systemic inflammatory response syndrome\" (SIRS). Polymorphonuclear granulocytes (PMN) are intimately involved in these events in a dual way as they represent the first line of defense against microbial invasion but can cause most serious tissue destruction \[[@CR5], [@CR7]\].

To the present, however, clinical trials aiming to antagonize specific inflammatory sequelae (e.g., tumor necrosis factor α antibodies) in human sepsis have failed to result in increased survival from this disease. Moreover, recent evidence suggests that, in parallel to the inflammatory response to the inciting injury, the body mounts an anti-inflammatory reaction termed \"compensatory anti-inflammatory response syndrome\" \[[@CR8]\]. Upregulation of anti-inflammatory cytokines, impairment of neutrophil function, and monocyte deactivation have been implicated in this phenomenon, which is linked with impaired host defense and enhanced susceptibility to secondary infections \[[@CR9], [@CR10], [@CR11], [@CR12], [@CR13], [@CR14]\].

Eicosanoids have long been implicated in both pro- and anti-inflammatory events occurring in sepsis \[[@CR6], [@CR15]\]. They are synthesized from arachidonic acid (AA) via multiple metabolic pathways. The family of ω-6 fatty acids, including AA, is the predominant polyunsaturated fatty acids in the common Western diet and current nutritional regimes. In contrast, ω-3 fatty acids \[in which the last double bond is located between the third and fourth carbon atoms from the methyl end, such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)\] make up an appreciable part of the fat in cold-water fish and seal meat. They serve as alternative lipid precursors for both cyclooxygenase and lipoxygenase pathways, with the formation of trienoic prostanoids (instead of the 2-series originating from AA) and 5-series leukotrienes (LT), instead of the 4-series LTs derived from AA \[[@CR16]\]. Interestingly, many of the ω-3 fatty acid derived metabolites, including 5-series cysteinyl LTs, LTB~5~ and thromboxane (Tx) A~3~, possess markedly less inflammatory and vasomotor potency than AA-derived lipid mediators and may even exert antagonistic functions.

Against this background, employment of diets with specific fat composition has long attracted interest for modulating inflammatory and immunological processes (\"immunonutrition\"). Via the enteral route, however, administration for several days to weeks of ω-3 lipids such as fish oil is required effectively to influence fatty acid composition of membrane (phospho)-lipids and subsequently lipid mediator profile in humans \[[@CR17], [@CR18]\]. Notwithstanding these limitations a diet for gastric tube feeding containing ω-3 fatty acids was recently reported to significantly reduce infectious complications and mortality rate in intensive care patients \[[@CR19], [@CR20], [@CR21]\]. As this regime for enteral nutrition is additionally enriched with glutamine and arginine, no definite conclusion about the role of the ω-3 lipids can be drawn. Experimental prefeeding animals with ω-3 lipids in place of ω-6 lipids without further additives enhanced survival in subsequently provoked septic events \[[@CR22], [@CR23]\]. Injection of EPA, in contrast to AA, reduced organ failure in a model of septic lung injury \[[@CR24]\]. We recently administered a fish oil based lipid emulsion intravenously in patients with inflammatory bowel and skin disease and observed rapid changes in cell membrane fatty acid composition and lipid mediator generation \[[@CR25], [@CR26]\].

In the present study septic shock patients requiring parenteral nutrition received in a randomized fashion a ω-3 fatty acid rich lipid emulsion (fish oil based) for intravenous alimentation in comparison with a conventional (ω-6 fatty acid rich) lipid emulsion. Marked impact of the fish oil based regime on plasma free fatty acid composition towards predominance of ω-3 over ω-6 fatty acids was noted, together with the appearance of the respective prostanoids and leukotrienes. Most interestingly, neutrophil functions, found to be consistently depressed in the septic shock patients, were partially restored in response to the ω-3 but not the ω-6 lipid emulsion. Lipid emulsions with ω-3 vs. ω-6 fatty acid predominance may thus allow combination intravenous alimentation with differential influence on plasma fatty acids, lipid mediator generation, and function of immunocompetent cells in septic patients.

Materials and Methods {#Sec4}
=====================

Study design {#Sec5}
------------

Ten patients fulfilling the criteria of sepsis and septic shock and and intolerant of enteral nutrition were recruited in the Intensive Care Unit of the Department of Internal Medicine, Justus Liebig University, Giessen. The study was approved by the University Ethics Committee, and written informed consent was obtained from each patient, next of kin, or legal guardian. The protocol was in agreement with the recommendations of the Declaration of Helsinki. The study was conducted as an open-label, randomized trial. Patients were randomly assigned to receive total parenteral nutrition employing either the standard ω-6 lipid infusion (Lipoven) or the ω-3 lipid infusion (fish oil based; Omegaven). The fatty acid composition of these different lipid emulsions is presented in Table [1](#Tab1){ref-type="table"}. Infusion of glucose, amino acid, and electrolyte solutions did not differ between the two groups. Via central venous catheter, 400 ml of a 10% ω-6 or ω-3 lipid emulsion was infused each day, divided into three parts (200 ml from 8 a.m. to 12 a.m., 100 ml from 4 p.m. to 8 p.m., 100 ml from midnight to 4 a.m.). The patients were followed for 10 days with this infusion regimen. Before the onset of the study none of the patients had received lipid emulsions.Table 1.Fatty acid composition of the ω-6 and the ω-3 lipid emulsion (g/l). The ω-6 (Lipoven^®^) and the ω-3 lipid emulsion (Omegaven^®^) were manufactured with identical techniques and additives. Repetitive gas chromatographic controls of both lipid emulsions revealed less than 0.3% free EPA or AA as related to the esterified amounts of these fatty acidsFatty acid (g/l)ω-6 lipid emulsionω-3 lipid emulsionC14:0−4.9C16:012.410.7C16:1ω-7−8.2C18:05.02.4C18:1ω-924.112.3C18:2ω-652.23.7C18:3ω-38.21.3C20:4ω-6−2.6C20:5ω-3−18.8C22:5ω-3−2.8C22:6ω-3−16.5Others−16.1

The Acute Physiology and Chronic Health Evaluation (APACHE) II score was calculated from data obtained at baseline \[[@CR27]\]. The Glasgow Coma Scale item of the APACHE II score in sedated patients was considered according to the clinical situation before initiation of sedation. Sepsis and septic shock were defined according to the criteria developed by Bone et al. \[[@CR28]\]. Cultures reported as positive were defined as the identification of bacterial/fungal growth from normally sterile body fluids. An organ was defined as focus by positive culture and clinical signs of infection.

Study subjects {#Sec6}
--------------

### Patient selection {#Sec7}

Enrolled patients had to satisfy the clinical suspicion of infection (including introduction or change in systemic antimicrobial therapy), systemic inflammatory response, and acute onset of end-organ dysfunction within the previous 24 h \[[@CR28]\]. Septic shock was defined as a syndrome characterized by severe sepsis associated with*either* a drop in mean arterial pressure of less than 70 mmHg for at least a 30-min period despite fluid resuscitation*or* the need for vasopressors for at least a 30-min period to maintain MAP at 90 mmHg. Patients were excluded if they were under 18 years old or with known or suspected pregnancy. Other exclusion criteria included: treatment with corticosteriods (equivalent of ≥1 mg prednisone/kg) within the previous 48 h, treatment with other major immunosuppressive drugs, infection with the human immunodeficiency virus, neutropenia due to causes other than sepsis, participation in an other ongoing investigational clinical trial, and the presence of irreversible underlying disease anticipated to be rapidly fatal.

### Blood sampling {#Sec8}

Blood was collected by venipuncture on day 1 before the start of the infusion therapy and on days 3, 7, and 10 at 8.00 a.m. after a 4-h period without lipid infusion.

### Control group {#Sec9}

Eight healthy adults (aged 23--66 years, four men, four women) served as control group. Medical history, physical examination, and routine laboratory investigation were completely normal in all subjects. In the month prior to the study the control group did not use medications (especially nonsteroidal anti-inflammatory drugs) and had no febrile disease. After an overnight fast blood was collected at 8.00 a.m. by antecubital venipuncture.

### Patients\' clinical characteristics {#Sec10}

Baseline demographic data and clinical features of the study patients are presented in Table [2](#Tab2){ref-type="table"}. All patients required vasopressor therapy at study entry, according to the criteria of septic shock. All presented with markedly elevated leukocyte counts, C-reactive protein (CRP) values, and plasma lactate levels (Table [3](#Tab3){ref-type="table"}). In each group four out of five patients were mechanically ventilated. The two groups did not differ significantly at the beginning of the study in terms of age, gender, APACHE II score, CRP, lactate, leukocyte count, or body core temperature. Due to the severity of the disease all patients received total parenteral nutrition during the 10-day study period. None of the patients received corticosteroids.Table 2.Demographic and clinical data (*APACHE* Acute Physiology and Chronic Health Evaluation,*MOF* multiple-organ failure,*ARDS* adult respiratory distress syndrome,*CABG* coronary artery bypass grafting,*CRF* chronic renal failure,*COPD* chronic obstructive pulmonary disease)Patient no.SexAge (years)Underlying diagnosisSecondary diagnosisCausative OrganismAPACHE II scoreω-6 group 1M59Pneumonia, MOFDiabetesNone identified23 2F71Gangrene dig. V left feetDiabetes, hypertension*Streptococcus* group A9 3F50ARDS after emergency CABGHypertensionNone identified14 4F62ARDS after CABGHypertension*Pseudomonas aeruginosa*10 5M40ARDS, MOF*Streptococcus viridans*19ω-3 group 1M71Pneumonia, MOFCOPD, CRF*Candida albicans*34 2M57ARDS after CABGCOPD*Serratia* species14 3F31Pneumonia, MOFNone identified21 4M59Infected ulcus cruris, MOFDiabetes, CRF24 5F37PneumoniaNone identified12 Table 3.basic laboratory and clinical data over the 10 day lipid infusion period. Mean ±SEM (*n*=5 each). The groups did not differ significantly at base (day 1). (*CRP* C-reactive protein,*APACHE* Acute Physiology and Chronic Health Evaluation)DayLeukocytes (G/I)CRP (mg/l)Lactate (mmol/l)APACHE IIω-6ω-3ω-6ω-3ω-6ω-3ω-6ω-3121,800±4,30025,000±8,300196.0±42.0168.2±36.03.4±1.42.6±0.716.3±3.023.3±4.2322,400±4,50012,600±3,600205.0±53.089.0±20.0\*1.8±0.61.5±0.514.8±3.516.5±5.1715,700±2,70014,500±3,000124.4±38.085.0±18.81.1±0.21.3±0.511.6±2.012.8±3.21011,600±1,2009,300±1,500135.0±20.8112.4±38.81.3±0.21.2±0.411.0±2.813.3±2.3\**p*=0.08

Experimental procedures {#Sec11}
-----------------------

### Materials {#Sec12}

Superoxide dismutase, cytochrome*c* type IV, bovine serum albumin (BSA), and hydroxyethylpiperazine ethanesulfonic acid (HEPES) were purchased from Sigma (Deisenhofen, Germany). RPMI 1640 medium, Hank\'s balanced salt solution, and fetal calf serum were from Gibco Laboratories (Grand Island, N.Y., USA). Percoll was obtained from Pharmacia Fine Chemicals (Uppsala, Sweden). The 4-series and 5-series LTs were obtained from Paesel (Frankfurt, Germany). All LTs were checked for purity and quantified spectrophotometrically before use, as described \[[@CR29]\]. Tritiated LTs, used as internal standards, were obtained from New England Nuclear (Boston, Mass., USA). Tritiated inositol phosphates (IP) and myo-\[2-^3^H\]inositol were purchased from Amersham (Dreieich, Germany). Chromatographic supplies included silica gel 5-µm column packing (Machery & Nagel, Düren, Germany) and HPLC-grade solvents distilled in glass (Fluka, Heidelberg, Germany). All other biochemicals were obtained from Merck (Darmstadt, Germany).

### Preparation of human granulocytes {#Sec13}

Heparinized blood from patients and healthy donors was centrifuged in a discontinuous Percoll gradient \[[@CR30]\] to yield a PMN fraction of approximately 97% purity. Prior to experiments PMN were kept in RPMI 1640 with 10% fetal calf serum for 30--60 min at 37°C. Immediately before stimulus application cells were washed twice and suspended in Hanks\' HEPES buffer to obtain PMN concentrations of 10×10^6^ PMN/ml. Cell viability, as assessed by trypan blue exclusion, ranged above 96%, and lactate dehydrogenase release was consistently below 3%.

### Measurement of leukotrienes {#Sec14}

PMN were stimulated with 1 µmol/l A23 187. LTs were extracted from cell supernatants by octadecylsilyl solid-phase extraction columns, as described \[[@CR29], [@CR31]\]. Conversion into methyl esters was performed by addition of freshly prepared diazomethane in ice-cold diethyl ether. Reversed-phase HPLC of nonmethylated compounds was carried out on octadecylsilyl columns (Hypersil, 5-µm particles) \[[@CR29]\]. In addition to the conventional UV detection at 270 nm (LTs) and 237 nm (HETEs), a photodiode array detector (Waters model 990) was used. This provided full UV spectra (190--600 nm) of eluting compounds, allowing peak purity and subtraction of possible coeluting material to be checked. Straight-phase HPLC of methylated compounds was carried out using a modification of the method of Nadeau et al. \[[@CR26], [@CR29], [@CR32]\]. All data obtained by the various analytical procedures were corrected and are presented here in picomoles per milliliter. Recovery was determined by separate recovery experiments and radioactive standards using different quantities of the individual compounds in the appropriate concentration range \[[@CR29]\].

### Measurement of platelet-activating factor {#Sec15}

Neutrophil production of platelet-activating factor (PAF) was quantified by post-HPLC liquid scintillation counting using the radiochromatogram imaging system (5LS Raytest). PMN (10^7^) were stimulated in the presence of 50 µCi \[^3^H\]acetate (7.75 Ci/mmol) with 1 µmol/l A23 187 in a total volume of 1 ml according to Tessner et al. \[[@CR33]\] measuring cell bound and secreted PAF. After termination of PMN incubation in Hanks\' balanced salt solution containing 20 mM HEPES and 0.25% BSA reactions were stopped by the addition of 3 vol. chloroform/methanol (1:2, v/v). Then extraction was performed according to the method of Bligh and Dyer \[[@CR34]\].

### Superoxide generation {#Sec16}

PMN O~2~ ^−^ generation was measured as superoxide dismutase inhibitable reduction of cytochrome*c* as described \[[@CR35]\]. Duplicate reaction mixtures containing neutrophils (5×10^6^ PMN/ml) and 75 µM ferricytochrome*c* were incubated at 37°C. The mixtures were in the presence or absence of 10 µg/ml superoxide dismutase and stimulated with 1 µmol/l formyl-methionyl-leucyl-phenylalanine (fMLP).

### Phosphoinositide metabolism {#Sec17}

The phosphatidylinositol turnover of stimulated neutrophils was investigated by measuring the accumulation of IPs according to Berridge et al. \[[@CR36]\]. Three procedures for prelabeling of cellular phospholipid pools were performed. First, PMN were resuspended to 1×10^7^ cells/ml with medium 199 containing 2% fetal calf serum plus 40 mM HEPES buffer (pH 7.4). Second, myo-\[^3^H\]inositol (50 µCi/ml) was added. Finally, cells were incubated at 37°C for 2 h on a shaking water bath. Before experimental use cells were washed twice and resuspended in Hanks\' balanced salt solution containing 20 mM HEPES and 10 mM LiCl (an inhibitor of IP~1~-phosphatase). At different times after stimulus application (fMLP, 1 µmol/l) samples were quenched with trichloracetic acid (final concentration 7.5%), kept on ice for 15 min, and extracted four times with diethylether. The aqueous phase was neutralized with sodium tetraborate to pH 8.0 and processed to separate IP on Dowex anion exchange columns as described by Berridge et al. \[[@CR36]\]. Under current assay conditions cyclic inositmonophosphate decomposes quantitatively to generate IP~1~. All IP are summarized as IP~x~.

### Platelet thromboxane generation {#Sec18}

Blood was collected in 3-ml plastic tubes containing 700 µl of a 7.5% EDTA solution. After centrifugation at 200* g* for 10 min the platelet-rich plasma was decanted and spun again (1500* g*, 10 min). Pelleted platelets were washed with isotonic PBS (pH 7.4), recentrifuged and resuspended as described \[[@CR37]\]. Platelet count was adjusted to 10^8^/ml. Stimulation was performed with 5 U/ml thrombin (vehicle PBS). Platelet purity was greater than 99% throughout the study. Incubation was terminated after 15 min. TxA~2~ and TxA~3~ in the supernatant were measured as their stable hydrolysis products TxB~2~ and TxB~3~. The analytes were extracted from the buffer solution by solid-phase extraction, subjected to reversed-phase RP-HPLC separation, and quantified by post-HPLC enzyme-linked immunosorbent assay as detailed \[[@CR37]\]. A monoclonal mouse antibody against TxB~2~ with established cross-reactivity to TxB~3~ (90%) was used.

### Plasma free fatty acids {#Sec19}

Nonesterified plasma fatty acids were quantified by one-step rapid extractive methylation for gas chromatographic analysis \[[@CR38]\], as described previously \[[@CR25], [@CR26]\]. First, citrate plasma was spiked with heptadecanoic acid as internal standard. Next, free fatty acids were converted to methyl esters by mixing with ethereal diazomethane. Lastly, the ethereal layer was dried, redissolved in chloroform, and transferred to the gas chromatograph. The fatty acid methyl esters were detected by use of a flame ionization detector, and peak area integration was performed.

Statistics {#Sec20}
----------

The values are given as the mean ±SEM. Because the study was a planned pilot study, explorative data analysis was performed. All statistical analyses were performed with the SigmaStat computing package. In the case of LTB~4~, elastase, IP~x~, and PAF the highest value of each study group was compared to the control value using analysis of variance and Student\'s/Newman-Keul post-hoc test. For the ratio of TxB~2~ to TxB~3~, free AA, and free EPA the same procedure was carried out for the lowest value. To assess the influence of treatment, we performed repeated-measures analysis with Student-Newman-Keul post-hoc test. To test the hypothesis that use of vasopressors and ventilation days differed between study groups the Cochran-Armitage trend test was performed. Probability of randomness (*p*) values of 0.05 or less were considered to indicate statistical significance.

Results {#Sec21}
=======

On the third day of the lipid infusion regimen CRP levels increased in the ω-6 lipid infusion group (205.0±53.0 mg/l) and decreased in the ω-3 group (89.0±20.0 mg/l), although the difference between the groups did not reach the level of statistical significance (*p*=0.08). In parallel, leukocyte counts decreased in the ω-3 group (12,600±3,600 G/l) and increased in the ω-6 lipid group (22,400±4,500 G/l;*p*=0.09). In both treatment groups temperature, lactate, CRP, leukocyte count, and APACHE II score decreased during the further course of the 10-day lipid infusion period. All patients survived the 10 day observation period. On day 10 two patients in each group still needed vasopressor support and all were extubated. Patients infused with n-6 lipids exhibited a trend (*p*=0.07) towards a longer ventilation time.

Leukotriene generation {#Sec22}
----------------------

Ionophore-induced secretion of LTB~4~ from PMN in both treatment groups was markedly lower than in healthy controls (Fig. [1](#Fig1){ref-type="fig"}a). However, it did not differ significantly between the two treatment groups throughout lipid infusion period. LTB~5~ was not detectable on day 1, and then rapidly appeared only in the ω-3 group, approaching a LTB~5~/LTB~4~ ratio of nearly 20% at the end of the infusion period (Fig. [1](#Fig1){ref-type="fig"}b).Fig. 1.Generation of leukotriene (*LT*) B~4~ (**a**), LTB~5~ (**b**), synthesis of platelet-activating factor (*PAF*,**c**), and respiratory burst (**d**). PMN were isolated on days 1, 3, 7, and 10 of the lipid infusion regimen and subsequently stimulated with A23 187 (LTs and PAF) or fMLP (respiratory burst) as described. Generation of LTB~4~ and PAF in PMN of septic patients was markedly lower than in healthy controls (\**p*\<0.05). LTB~4~ release did not differ significantly between the treatment groups. LTB~5~ generation was detected only in the ω-3 lipid infusion group (note different scales for LTB~4~ and LTB~5~). On day 7 PAF generation and respiratory burst in the ω-3 lipid infusion group were significantly higher than in the ω-6 lipid infusion group (^§^ *p*\<0.05, mean ±SEM are given)

Phosphatidyl-inositol generation {#Sec23}
--------------------------------

In response to fMLP challenge all septic patients exhibited significantly lower IP~x~ synthesis than healthy controls (Fig. [2](#Fig2){ref-type="fig"}). When reassessed on day 7, a further decline in IP~x~ generation was noted in the ω-6 group but an increase in the ω-3 group (*p*\<0.05).Fig. 2.Neutrophil inositol phosphate generation. Neutrophil inositol phosphate (*IP*) generation evoked by fMLP. IP~3~, IP~2~, and IP~1~ are summarized as IP~x~. Mean ±SEM is given. The IP~x~ generation of the ω-3 lipid infusion group on day 7 differed significantly from that in the ω-6 lipid infusion group at this time (\**p*\<0.05) and was significantly increased over baseline (day 1). The control group was significantly higher than all other groups (^§^ *p*\<0.05)

PAF generation {#Sec24}
--------------

Ionophore-induced PAF secretion was markedly lower in PMN from septic patients than in those from controls (Fig. [1](#Fig1){ref-type="fig"}c). In the ω-3 lipid infusion group PAF synthesis increased over time. It was significantly higher on day 7 than in the ω-6 lipid infusion group, in which hardly any change was noted in PAF synthesis over the 10 day-observation period.

Respiratory burst {#Sec25}
-----------------

fMLP-induced neutrophil superoxide generation was lower in the septic patients than in the healthy volunteers (Fig. [1](#Fig1){ref-type="fig"}d). Values further decreased in the ω-6 group but slightly increased in the ω-3 group (statistically significant on day 7).

TxA~2~/TxA~3~ generation {#Sec26}
------------------------

In healthy controls and patients receiving ω-6 lipid infusion the TxA~3~/TxA~2~ ratio remained below 1% throughout (Fig. [3](#Fig3){ref-type="fig"}). Increasing quantities of TxA~3~became detectable in the ω-3 group, and the TxA~3~/TxA~2~ratio reached 17.8±7.4% at the end of the infusion period.Fig. 3.Platelet thromboxane (*Tx*) generation in response to thrombin. TxA~2~/TxA~3~ generation of isolated platelets was measured by post-HPLC enzyme-linked immunosorbent assay as described. Mean ±SEM of the TxA~3~/TxA~2~ ratio is given for the different groups

Plasma free fatty acids {#Sec27}
-----------------------

In comparison to the healthy controls and before onset of lipid infusion therapy all plasma free fatty acids quantified by gas chromatography were increased several-fold in septic patients (Table 4, Electronic Supplementary Material). The overall sum of plasma free fatty in the septic patients on day 1 surpassed that in the controls more than fourfold. AA was markedly higher in both infusion groups than healthy controls at baseline. Overall quantities and fatty acid profile remained largely unchanged in the ω-6 lipid infusion group. In contrast, a marked increase in the ω-3 fatty acids EPA and DHA was noted in the patients receiving fish oil based lipid infusion (Table 4, Electronic Supplementary Material). Both ω-3 fatty acids plateaued after 7 days, and the sum of EPA and DHA surpassed the AA level nearly twofold.

Discussion {#Sec28}
==========

As previously reported in patients suffering from sepsis \[[@CR39], [@CR40]\], overall levels of plasma free fatty acids were markedly elevated in all patients in this study, even prior to onset of any lipid infusion therapy. The magnitude of metabolic changes that we found (from more than twofold to tenfold elevated values for all single fatty acids) may reflect the severity of disease resulting from shock in all patients. Several factors may underlie this metabolic response: (a) Plasma free fatty acid elevation is a component of the general metabolic response syndrome to stress \[[@CR41]\]. (b) Lipolysis from adipocytes and hepatic de novo lipogenesis are increased in sepsis \[[@CR42], [@CR43], [@CR44], [@CR45]\], and muscle fatty acid oxidation is reduced \[[@CR46]\]. (c) Secretory phospholipase A~2~ is elevated in sepsis \[[@CR47]\]. (d) Vasopressors such as epinephrine and norepinephrine, presently administered to all patients, preferentially increase the plasma levels of polyunsaturated free fatty acids by activating lipoprotein lipase and the hormone-sensitive lipoprotein lipase of adipose tissue \[[@CR48], [@CR49]\]. (e) Heparin, used in low doses in all patients, is another activator of the lipoprotein lipase \[[@CR50]\]. Overall, these metabolic changes resulted in the most impressive appearance of free concentrations of the eicosanoid precursor AA between 25 and more than 100 µmol/l. In contrast, approximately 11 µmol/l free AA was detected in healthy controls. Moreover, measurements of free extracellular AA within an inflammatory focus suggested levels range between 20 and 50 µmol/l \[[@CR51], [@CR52], [@CR53]\].

After commencing fish oil based lipid infusion a rapid increase in free EPA and DHA levels was noted. This averaged approx. 120 µmol/l EPA and 200 µmol/l DHA. In consequence the (EPA+DHA)/AA ratio reached nearly 2:1. The immediate appearance of free ω-3 fatty acids indicates rapid hydrolysis of the EPA- and DHA-containing triglycerides in septic patients. This is in line with the notion that synthetic lipid aggregates activate endothelial lipoprotein lipases, including a translocation of this enzyme from its cellular binding sites into the vascular compartment. Resulting from activation, plasma free fatty acids increase due to escape from local cellular uptake mechanisms \[[@CR54]\]. Kinetics and extent of plasma ω-3 lipid increase thus exceed corresponding alterations in response to conventional dietary fish oil uptake by orders of magnitude \[[@CR55], [@CR56]\]. Interestingly, an increase in AA was also noted in the ω-3 lipid infusion group. However, this rise is much less impressive than the increase in EPA and DHA levels in these patients. It may not yet be decided whether the increase in free AA results from release of the free fatty acids from the ω-3 lipid infusion (which contains AA to 2.6%) or is secondarily cleaved from endogenous AA-containing lipid pools due to substitution by EPA and/or DHA.

In parallel with the plasma free EPA and DHA increase, substantial quantities of LTB~5~ were detected. Determined in neutrophils ex vivo after challenge with calcium ionophore, the LTB~5~/LTB~4~ ratio was greater than 20% in these experiments. Notably, the PMN stimulation was performed in the absence of plasma. It may therefore concluded that some EPA-containing membrane lipid pool(s), providing precursor fatty acids for the neutrophil 5-lipoxygenase pathway, had rapidly exchanged with plasma EPA. Moreover, in the physiological microenvironment the LT metabolism of neutrophils is strongly influenced by the levels of exogenous free precursor fatty acids \[[@CR57], [@CR58]\]. Also, the dramatic impact of free EPA has been demonstrated, representing preferred substrate over free AA for the 5-lipoxygenase pathway \[[@CR57]\]. Thus, when considering the very high values of free EPA and free DHA in the plasma of the patients undergoing ω-3 lipid infusion, the appearance of an even higher percentage of LTB~5~ may well be anticipated for PMN activation in vivo. Such reasoning may also hold true for the platelet thromboxane generation. The TxA~3~/TxA~2~ratio of approx. 18% noted in this study upon in vitro stimulation of washed thrombocytes may even be surpassed in vivo when platelet activation takes part in an environment of free EPA and DHA concentrations supervening those of free AA.

Under inflammatory conditions such as sepsis both enhanced and suppressed neutrophil superoxide generation in response to various protocols of ex vivo stimulation have been reported. However, evidence is growing that impairment of neutrophil function, including respiratory burst, becomes increasingly clear the more severe and prolonged the course of sepsis is. In a series of earlier studies in neutrophils isolated from patients with severe sepsis, Solomkin and coworkers \[[@CR11], [@CR59]\] demonstrated suppressed fMLP-induced superoxide generation, although fMLP receptor density and internalization were found to be unaffected. In the same line, Vespasiano et al. \[[@CR60]\] and Pascual et al. \[[@CR61]\] recently reported reduced superoxide release from neutrophils isolated from patients in septic shock, regardless of the stimulus used for provocation of respiratory burst. Consistent with these observations, decreased PMN superoxide generation was noted in all patients at study entry. Suppression of respiratory burst became even more prominent over subsequent days in the group receiving a conventional ω-6 lipid infusion regimen. Moreover, all other features of neutrophil function addressed here were found to be suppressed in PMN originating from septic shock patients: lipid mediator generation including LTB~4~ and PAF, and the phosphatidylinositol response. The latter, representing an important neutrophil signal transduction pathway, may offer an underlying mechanism causally related to impairment of other neutrophil functions observed. It is in this line that Burke et al. \[[@CR62]\] recently noted decreased Ca^2+^ fluxes in response to fMLP challenge in neutrophils isolated from septic patients. Further detailed studies addressing the signal transduction abnormalities in neutrophils of septic shock patients are required.

The pathogenetic sequelae resulting in impairment of neutrophil function in septic shock have not as yet been resolved. The concept of compensatory anti-inflammatory response syndrome favors the assumption that an initial hyperinflammatory phase of the disease is followed by a counterregulatory period with predominance of anti-inflammatory mediators, with impact on the function of the immunocompetent cells \[[@CR8]\]. Alternatively, ongoing involvement of neutrophils in inflammatory processes and microcirculatory disturbances may result in downregulation or even \"exhaustion\" of their responsiveness to further (ex vivo) stimulation. Irrespective of these open questions, the present study strongly suggests that these sequelae are differentially influenced by ω-6 vs. ω-3 lipid emulsions employed for parenteral nutrition. In patients receiving the conventional lipid formulation the PMN hyporesponsiveness either persisted (LTB and PAF generation) or became even more prominent in the further course (phosphoinositide hydrolysis, and superoxide). In contrast, partial restoration of a more \"normal\" responsiveness was noted in the patients infused with ω-3 lipid emulsions. Given the fact that the mechanisms of neutrophil impairment in septic shock are unresolved, as discussed above, speculations as to the kind of intervention upon employment of ω-3 lipids are clearly too early. However, the basic features known for the EPA-derived mediators and the more prominent (although not significant) decrease in CRP in the ω-3 group suggest some dampening of ongoing inflammatory events in the presence of high plasma ω-3 fatty acid levels. A corresponding mechanism was has been proposed for the clinical benefit of intravenous fish oil in severe ulcerative colitis and acute, extended guttat psoriasis \[[@CR15], [@CR63]\]. Supporting the idea of suppressed innate immunity due to inflammatory mediators in sepsis, Czermak and coworkers \[[@CR64]\] have reported beneficial effects of a C5a blockade in a rat model. Inhibition of C5a-induced activation of PMN in vivo restored suppressed neutrophil respiratory burst in vitro, accompanied by increased survival of septic rats and improved bacterial clearance.

Conclusions {#Sec29}
===========

The power of the present study in a limited number of septic shock patients was clearly insufficient to evaluate possible impact of the ω-3 vs. the ω-6 lipid infusions on clinical course of disease, including development of organ failure and death. However, the two alternative regimens for lipid-based parenteral nutrition exerted differential influence on key variables of inflammatory mediator generation and neutrophil function, both intimately involved in pathogenetic sequelae of sepsis. Under ω-6 lipid infusion both the predominance of high plasma free AA levels and impairment of neutrophil functions persisted or became even more prominent. In contrast, the lipid mediator precursor profile in the plasma was rapidly shifted towards predominance of ω-3 fatty acids EPA and DHA in patients receiving a fish oil based lipid emulsion. Concomitantly, partial restoration of ex vivo analyzed neutrophil functions was noted, significantly different from the ω-6 infusion group. Lipid emulsions enriched in ω-3 instead of ω-6 fatty acids may thus offer the possibility to combine parenteral nutrition with differential impact on inflammatory variables and neutrophil function in septic patients.
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